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Chapter	X:	Modeling	developmental	plasticity	in	human	growth:	































X.5	Simple	smoothing		The	crudest	strategy	for	adjusting	reproductive	output	to	ecological	conditions	would	be	for	the	organism	to	track	R	on	a	month-by-month	basis,	allowing	B	to	respond	to	the	last	available	signal	of	R	prior	to	birth,	such	that	B	is	proportional	to	R:			 	 	 	 	 B	∝	R	 	 		 	 	 	 	 	 	 	 	 	 (Eq.1)		In	the	simulation,	the	standard	deviation	of	R	was	109.3	mm.	As	R	fluctuated	substantially	across	every	annual	cycle	(represented	by	the	coefficient	of	variation	(CV)	of	137.2%),	and	B	varied	proportionately,	direct	tracking	of	R	produced	minimum	and	maximum	values	for	B	of	0	and	18.9	kg	respectively,	generating	a	very	high	proportion	of	non-viable	B	values,	and	hence	high	fitness	penalties.		
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	A	simple	way	to	model	dampened	sensitivity	to	crude	variability	in	ecological	conditions	would	be	to	average	the	response	to	R	over	a	longer	time	period	(Wells	2003;	Kuzawa	2005).	For	example,	the	duration	of	pregnancy	allows	ecological	information	to	act	on	the	phenotype	directly	over	a	9-month	period,	which	can	be	represented	using	a	rolling	average,	as	shown	here:	 	
B   ∝    1/9 𝑅𝑡
𝑡!! 		 	 	 	 	 	 	 	 	 	 (Eq.2)		This	rolling	average	still	varied	between	successive	9-month	periods,	and	it	itself	had	a	CV	of	40.3%.	In	order	to	test	whether	the	variability	of	B	could	be	further	reduced	by	extending	the	duration	of	the	period	of	information	processing	(i.e.,	effectively	increasing	the	duration	of	pregnancy),	rolling	averages	were	also	calculated	over	18-,	27-,	36-	and	45-month	periods.	In	each	case,	the	CV	for	birth	weight	was	calculated,	along	with	squared	fitness	penalties.			
Figure	3	illustrates	the	decline	in	CV	and	the	increase	in	minimum	birth	weight	in	relation	to	lengthening	the	duration	of	pregnancy.	Integrating	information	over	36	months	or	more	reduced	the	CV	of	birth	weight	to	~10%,	and	the	range	to	2	to	3.7	kg.	The	fitness	penalty	declined	substantially	up	to	27	months,	but	little	thereafter.	Thus,	one	way	to	minimize	the	likelihood	of	unviable	birth	weight	would	be	to	‘drip-feed’	ecological	information	into	the	offspring	phenotype	over	a	lengthy	time	period.	However,	lengthening	pregnancy	clearly	has	other	penalties	in	terms	of	maternal	fitness,	as	it	reduces	fertility	rate	over	the	entire	reproductive	career.		
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B   ∝  1/18    𝑅𝑡
𝑡!! +  𝑅𝑡!!"#𝑡!!"# 			 	 	 	 	 	 	 	 	 	 (Eq.3)		The	model	was	further	developed	by	adding	simulations	(G1	through	G4)	that	included	up	to	5	generations	of	additional	maternal	effects.	The	final	model,	therefore,	simulates	the	integration	by	the	offspring	of	information	on	the	current	9-month	period	(G0),	as	well	as	9-month	periods	20	years	ago	(maternal	effects,	G1),	40	years	ago	(grand	maternal	effects,	G2),	60	years	ago	(great-grandmaternal	effects,	G3),	80	years	ago	(great-great	grandmaternal	effects,	G4)	and	100	years	ago	(great-great-great-grandmaternal	effects,	G5):		
B ∝ 1/54 𝑅𝑡
𝑡!! +  𝑅𝑡!!"#𝑡!!"# +  𝑅𝑡!!"#𝑡!!"# +  𝑅𝑡!!"#𝑡!!"# +  𝑅𝑡!!"#𝑡!!"! +  𝑅𝑡!!"##𝑡!!"#$ 		 	 	 	 	 	 	 	 	 	 (Eq.4)		 	Each	of	these	models	was	run	using	R-data	from	the	period	of	1970	-	2002,	and	the	range	and	CV	of	B	were	calculated.	As	shown	in	Figure	5,	there	was	a	decline	in	the	CV	of	B	with	each	additional	generation	of	lag	for	the	first	3	generations;	adding	in	further	generational	effects	produced	a	negligible	difference	in	the	outcome.	
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	 	 	 	 Figure	5	near	here						Since	these	findings	indicated	no	substantial	benefits	of	integrating	data	across	more	than	3	generations	preceding	the	focal	developmental	period,	all	subsequent	models	used	just	1	or	3	generations	of	lag	–	that	is,	incorporating	either	maternal	effects	or	great-	grandmaternal	effects.			
X.8	Buffering	extreme	events			We	next	tested	the	effect	of	a	sudden	drastic	decline	in	R	in	the	past,	as	in	an	ENSO	event.	The	average	annual	value	for	R	in	the	entire	data	set	was	79.7	mm;	however	three	years	during	this	period	reflected	particularly	severe	ENSO	events,	during	which	the	annual	average	rainfall	was	markedly	lower:	1899	(38.0	mm),	1920	(43.8	mm)	and	1970	(50.9	mm).		The	model	assumed	that	offspring	were	born	in	1990,	twenty	years	after	the	1970	ENSO	event,	which	had	therefore	occurred	during	the	mothers’	own	fetal	life.	Birth	weight	patterns	for	offspring	were	calculated	incorporating	either	1	or	3	generations	of	maternal	buffering	of	intergenerational	environmental	variation,	as	explained	above.	When	maternal	effects	only	were	incorporated,	birth	weight	of	offspring	dropped	as	low	as	~1.5	kg,	whereas	when	great-grand-maternal	effects	were	applied,	the	lowest	birth	weight	was	~2.5	kg	(Figure	6).		








	 	 	 	 Figure	7	near	here		
X.10	Discussion		We	used	a	simple	mathematical	simulation	model	based	on	an	actual	historical	data	set	of	ecological	conditions	to	investigate	different	strategies	whereby	offspring	might	adaptively	process	information	relevant	to	fitness	during	early,	sensitive	periods	of	development.	The	challenge	facing	the	offspring	was	to	be	able	to	respond	to	ecological	stresses	in	early	life,	but	not	to	the	extent	that	growth	patterns	became	extreme.	We	then	considered	whether	strategies	that	solved	this	dilemma	could	match	the	organism’s	phenotype	with	ecological	conditions	in	adulthood.		The	main	findings	were	as	follows.			First,	even	crude	processing	of	available	information	is	a	more	adaptive	strategy	than	ignoring	ecological	cues	altogether,	and	has	the	potential	to	reduce	the	likelihood	of	
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unviable	birth	weight	whilst	also	tracking	long-term	ecological	trends.	Although	a	new	genetic	set-point	for	birth	weight	could	evolve	over	many	generations,	such	an	evolutionary	process	would	be	very	slow	relative	to	the	actual	rate	of	ecological	change.	Consistent	with	this	argument,	relatively	little	of	the	variance	in	human	birth	weight	can	be	accounted	for	by	genetic	factors	(Magnus	et	al.,	2001;	Lunde	et	al.,	2007).		Second,	while	lengthening	the	period	over	which	ecological	information	is	collected	should	help	buffer	short-term	variability,	there	is	a	limit	to	how	far	this	strategy	can	be	applied,	given	that	it	imposes	costs	on	maternal	fertility.	Thus,	lengthier	pregnancies	eventually	become	an	inefficient	way	of	smoothing	ecological	signals	and	constraining	extreme	growth	patterns.	This	result	is	supported	by	recent	work	demonstrating	that	the	maternal	energy	budget	is	insufficient	to	support	lengthier	human	pregnancies	(Ellison	2008;	Dunsworth	et	al.,	2012;	Wells	et	al.,	2012).			Third,	an	alternative,	beneficial	damping	effect	can	be	introduced	by	incorporating	maternal	effects,	and	this	effect	can	be	multiplied	across	several	successive	generations.	In	our	simulation,	little	additional	benefit	accrued	beyond	3	generations	of	lag;	however,	the	outcomes	of	this	scenario	might	vary	according	to	the	degree	of	ecological	stochasticity.	Biological	mechanisms	for	such	lags	may	involve	epigenetic	marks,	though	the	available	evidence	suggests	that	these	are	only	rarely	transmitted	directly	across	generations	(Youngson	and	Whitelaw	2008;	Hackett	et	al.,	2013).	In	the	female	line,	the	ovum	that	contributes	to	each	offspring	has	already	been	exposed	to	the	maternal	uterine	environment	-	and	hence	the	grandmaternal	phenotype	-		allowing	grandmaternal	effects	to	be	transmitted	directly	to	grandoffspring	(Youngson	and	Whitelaw	2008;	Drake	and	Liu	2010).		
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	Fourth,	such	a	multi-generational	damping	strategy	could	be	very	effective	at	avoiding	the	propagation	of	effects	of	severe	ecological	shocks	to	future	generations.	A	mother	born	during	an	ENSO	event	is	relatively	well	buffered	by	the	3-generation	lag,	so	that	her	own	offspring	is	only	moderately	below	the	optimal	birth	weight.	We	consider	this	protective	effect	especially	valuable,	since	size	in	early	life	is	highly	predictive	of	infant	survival	(Hogue	et	al.,	1987),	and	infancy	is	the	period	of	greatest	extrinsic	mortality	risk	in	our	species	(Kelly	1995).		Fifth,	although	the	ecological	information	extracted	via	the	maternal	phenotype	allowed	accurate	short-term	predictions	using	that	maternal	source	of	information,	none	of	the	strategies	for	information	processing	used	in	our	simulations	demonstrated	any	ability	to	predict	long-term	future	conditions.	Neither	a	short-term	index,	as	proposed	by	Gluckman	and	Hanson	(2004a,	b;	2007),	nor	an	index	smoothed	across	several	ancestral	generations,	as	proposed	by	Kuzawa	(2005),	showed	any	correlation	with	long-term	future	conditions.	There	was,	however,	a	short-term	correlation	between	offspring	birth	phenotype	and	maternal	phenotype	1	year	after	birth,.		These	simulations	therefore	provide	support	for	the	maternal	capital	model	of	developmental	plasticity	(Wells	2003;	2010;	2012c),	but	not	for	models	that	assume	that	developmental	plasticity	enables	fetal/infant	phenotype	to	vary	in	anticipation	of	future	ecological	conditions	(Kuzawa	2005;	Gluckman	and	Hanson	2004a;	b).	The	results	of	these	simulations	are	also	consistent	with	epidemiological	studies	which	have	shown	that	fetal	growth	is	relatively	resistant	to	short-term	spikes	or	troughs	in	maternal	energy	intake,	as	reviewed	previously	(Wells	2003;	Kuzawa	2005).	The	results	
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regarding	the	inability	to	predict	future	conditions,	moreover,	are	consistent	with	previous	simulations	(Wells,	2007a;	Baig	et	al.,	2011).		The	fact	that	short-term	predictions	are	possible	in	our	model	shows	that	the	offspring	can	make	a	prediction	about	the	nutritional	supply	likely	to	be	available	immediately	after	birth,	during	the	lactation	period.	Since	both	the	signals	being	processed,	and	the	nutritional	supply	after	birth,	derive	from	maternal	phenotype,	this	effectively	means	that	the	fetus	can	calibrate	its	growth	to	the	likely	supply	of	breast-milk	during	infancy.			This	is	a	specific	prediction	of	the	maternal	capital	hypothesis	which,	unlike	other	models,	assumes	that	the	primary	fitness	benefit	of	developmental	plasticity	is	to	enable	a	close	match	between	offspring	growth	trajectory	and	maternal	phenotype	(Wells,	2003;	2012c).	However,	another	key	reason	why	selection	favours	a	match	between	maternal	phenotype	and	offspring	growth	is	that	every	fetus	must	avoid	growing	beyond	the	dimensions	of	the	maternal	pelvis	(Wells	et	al.,	2012;	Wells	2015).		The	use	of	a	simulation	model	to	explore	human	adaptation	has	some	strengths,	as	it	allows	comparison	of	different	strategies	across	several	generations,	an	approach	rarely	possible	using	data	on	humans	themselves.	However,	the	model	also	neglected	some	potentially	important	issues.	For	example,	information	does	not	only	enter	phenotype	during	the	9-month	period	of	pregnancy	each	generation.	A	more	realistic	model	would	allow	information	to	enter	phenotype	over	longer	time	periods,	hence	our	model	only	investigates	the	effect	of	multi-generational	lags	acting	on	pregnancy.	Similarly,	human	developmental	plasticity	extends	into	infancy,	and	growth	during	infancy	can	resolve	some	of	the	variability	that	characterizes	birth	weight,	however	this	was	not	addressed.	
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	Despite	these	limitations,	the	model	is	valuable	in	demonstrating	how	maternal	effects	can	damp	ecological	perturbations	including	extreme	events.	The	same	buffering	process	may	have	been	important	in	enabling	humans	to	migrate	between	contrasting	ecological	niches,	by	damping	offspring	from	sudden	shifts	in	nutritional	supply	during	the	most	sensitive	period	of	development	(Wells,	2012c).	Thus,	the	fact	that	developmental	plasticity	does	not	allow	forecasting	of	long-term	adult	environments	does	not	mean	that	the	process	has	no	adaptive	value.	Rather,	developmental	plasticity	in	early	life	appears	of	greatest	value	in	promoting	survival	during	early	life,	a	time	when	extrinsic	mortality	risk	is	high.	This	issue	has	important	implications	for	public	health	policies	aimed	at	addressing	chronic	malnutrition,	as	it	suggests	that	continued	maternal	buffering	via	lactation	may	help	prevent	catch-up	‘overshoot’	in	the	early	postnatal	period.	Rapid	catch-up	growth	has	been	shown	to	accelerate	markers	of	cellular	aging,	and	is	associated	with	adult	chronic	disease	risk	(Metcalfe	and	Monaghan	2001).		
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Legends	for	illustrations	
	
Figure	1.	A	schematic	diagram	of	variation	in	ecological	conditions	over	time,	illustrating	three	components	of	variability:	(a)	regular	cycles,	such	as	seasonality;	(b)	long-term	systematic	trends	such	as	climate	change;	and	(c)	extreme	perturbations,	such	as	El	Niño	Southern	Oscillation	(ENSO)	events.	Note	that	we	simulated	the	second	component	(long-term	ecological	trend)	as	it	was	not	actually	evident	in	our	130	year	rainfall	data.		
Figure	2.	The	pattern	of	rainfall	in	the	Indian	data	set	used	for	this	model,	showing	raw	monthly	values	and	average	annual	values.			
Figure	3.	The	effect	of	increasing	the	period	of	information	processing	(equivalent	to	increasing	the	duration	of	pregnancy)	on	variability	in	birth	weight.	(a)	Lengthening	pregnancy	decreases	the	coefficient	of	variation	and	increases	the	minimum	value.	(b)	Lengthening	pregnancy	decreases	the	fitness	penalties	arising	from	suboptimal	birth	weights.		
Figure	4.	The	distribution	of	fitness	penalties	when	information	processing	is	minimal	in	different	types	of	environment.	(a)	In	a	stable	environment,	fitness	penalties	are	randomly	distributed.	(b)	In	an	environment	systematically	declining	in	productivity	over	time,	fitness	penalties	are	not	randomly	distributed,	and	may	become	systematically	high	since	the	phenotype	cannot	adjust	to	the	ecological	change.		
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Figure	5.	The	effect	of	introducing	maternal	effects	(which	buffer	short-term	ecological	variability)	across	increasing	numbers	of	generations	on	variability	in	birth	weight.	(a)	For	the	first	three	generations,	each	extra	generation	of	lag	increases	buffering,	decreases	the	coefficient	of	variation,	and	increases	the	minimum	value	of	birth	weight.	(b)	For	the	first	three	generations,	increased	buffering	also	decreases	the	fitness	penalties	arising	from	suboptimal	birth	weights.	However,	for	all	outcomes,	benefits	are	minimal	when	extending	maternal	effects	across	4	or	5	generations.		
Figure	6.	The	effect	of	1	versus	3	generations	of	maternal	effects,	or	buffering	ecological	variability,	on	offspring	birth	weight	following	an	extreme	event	at	the	time	of	the	mother’s	birth.	The	impact	of	this	maternal	stress	on	the	offspring’s	birth	weight	is	greatly	reduced	by	the	multi-generational	buffering	process.		
Figure	7.	Associations	between	offspring	birth	weight	(derived	from	3	generations	of	maternal	buffering)	and	four	different	sets	of	subsequent	ecological	conditions.	The	results	show:	(a)	no	significant	correlation	between	birth	weight	and	rainfall	in	the	month	immediately	following	birth;	(b)	a	strong	correlation	between	birth	weight	and	maternal	phenotype	1	year	later	(both	derived	using	the	same	3-generation	lag	approach,	but	with	a	time	lag	of	1	year	between	the	two	parties,	and	expressed	in	the	same	smoothed	units	as	birth	weight)	(r	=	0.62,	p<0.0001);	(c)	no	correlation	between	birth	weight	and	a	12-month	average	commencing	20	years	in	the	future	(representing	the	time	of	attaining	reproductive	maturity);	(d)	no	correlation	between	birth	weight	and	a	10-year	average	commencing	20	years	in	the	future	(representing	the	duration	of	the	reproductive	career).		
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